Parity-odd Neutrino Torque Detection by Yu, Hao-Ran et al.
Parity-odd neutrino torque detection
Hao-Ran Yu,1, 2, 3, ∗ Ue-Li Pen,2, 1, 4, 5, 6, † and Xin Wang2, ‡
1Tsung-Dao Lee Institute, Shanghai Jiao Tong University, Shanghai, 200240, China
2Canadian Institute for Theoretical Astrophysics,
University of Toronto, M5S 3H8, Ontario, Canada
3Department of Astronomy, Shanghai Jiao Tong University, Shanghai, 200240, China
4Dunlap Institute for Astronomy and Astrophysics,
University of Toronto, M5S 3H4, Ontario, Canada
5Canadian Institute for Advanced Research, CIFAR Program in
Gravitation and Cosmology, Toronto, M5G 1Z8, Ontario, Canada
6Perimeter Institute for Theoretical Physics, Waterloo, N2L 2Y5, Ontario, Canada
(Dated: July 17, 2019)
Cosmological observations are promising ways to improve our understanding of neutrino mass
properties. The upper bound on the sum of masses is given by the cosmic microwave background
and large scale structure. These measurements are all parity-even, and potentially contaminated
by unmodeled baryonic effects. In this paper we propose a novel parity-odd gravitational effect
of neutrinos: A unique contribution to the directions of the angular momentum field of galaxies
and halos. This observable is free of contamination in linear perturbation theory, and thus likely
more cleanly separated from other nongravitational effects. A deep 21-cm survey to redshift 1 can
potentially yield a 5σ significance on neutrino mass detection for a fiducial sum of neutrino masses
of 0.05 eV.
I. INTRODUCTION
Neutrino mass is a long-standing physics problem. The
flavor oscillation experiments [1] discovered the mass
splittings of neutrinos and placed a lower bound of the
sum of their mass Mν ≡
∑3
i=1mνi & 0.05 eV [2]. The
existence of neutrino mass has profound impacts on cos-
mic evolution, and the current cosmic microwave back-
ground (CMB) observations provide an upper bound of
Mν . 0.12 eV [3]. At low redshifts, neutrinos become
nonrelativistic, and contribute to the matter energy den-
sity Ωm in the structure formation. Unlike the majority
of matter, the cold dark matter (CDM) and baryons, neu-
trinos maintain a high velocity dispersion, referred to as
“free-streaming,” which reduces their gravitational col-
lapse on small scales. A number of large scale structure
(LSS) surveys [4, 5] plan to improve this upper bound
using neutrino effects on LSS. Their approaches either
measure the impact of neutrinos on the growth of struc-
ture by measurement at different redshifts, or on different
length scales.
The small gravitational contribution from neutrinos re-
quires a precise measurement at two different epochs or
scales. Most techniques aim to combine the CMB with a
second, lower redshift, and use small scales where plenty
of modes are available for a precise measurement. To
measure the impact on scale dependence requires the
measurement on a larger scale, where cosmic variance
limits the number of observable modes. Here we propose
to exploit a historic fossil comparison at large scales: we
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measure the same modes at two redshifts in the full 3-D
LSS volume, which overcomes the cosmic variance limit.
Neutrinos free stream, and are mostly smooth below their
free streaming scale, tens of Mpc. Baryons are conserved,
and even in the most extreme feedback scenarios do not
move more than 10 Mpc relative to CDM. In this paper
we present a novel approach to exploit the torquing ef-
fect by neutrinos to probe their mass. This is meant as a
first exploration, intended to stimulate observational and
more detailed theoretical studies.
II. SPIN OF GALAXIES
The direction of angular momentum (hereafter spin)
of a galaxy is readily observable, while the magnitude is
not. The majority of galaxies are disk galaxies, and the
rotation axis is perpendicular to the disk [6]. The ori-
entation of the disk is obtained by inclination and paral-
lactic angles (parity-even) and dust absorption, and from
the Doppler effect of spectral lines we determine the plus-
minus sign of the spin, which is parity-odd. A parity-odd
spin measurement cannot be contaminated by the linear
perturbation theory. Only gravity affects spin statistics
of halos or galaxies at large separations, since baryons do
not travel to the distance of the free-streaming of neutri-
nos.
We present the neutrino torque effect, to modulate the
spin of dark matter halos. Here we use halos to repre-
sent galaxies. The galaxy spin can be observed to a much
larger radii through the 21-cm radio emission of cold gas,
and the spin change only very modestly to larger radii [7].
Hydrodynamic galaxy formation simulations suggest that
spin directions of stellar, cold gas components, and CDM
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2halo are correlated (e.g. [8–11] and references therein)1.
The magnitudes are not as correlated [12], as one might
expect from the substantial dissipation and outflow. The
observed mostly coplanar rotation of baryons in late type
galaxies indicates that additional dissipation or selective
outflow are unlikely to change the angular momentum
direction, which is common to most baryons, while the
magnitude is likely to change, and varies within the bary-
onic inventory.
III. THEORY
In the picture of LSS formation, gravitational insta-
bility lets initial density fluctuations form dark matter
halos, where galaxies are embedded. In these highly non-
linear structures, uncertainties of halo bias, halo merg-
ing history and baryonic mechanisms obstruct us from
clearly understanding the statistics like number counts
and morphologies. In comparison, the spins of galax-
ies/halos represent a local probe of gravity, especially
contributed from the linear epoch of the structure for-
mation.
The initial halo spin is written in Lagrangian space as
jL ∝ −
∫
VL
q × ∇φcd3q, where φc is the gravitational
potential of CDM, q is the Lagrangian coordinates rel-
ative to the center of mass of the protohalo in volume
VL. In the tidal torque theory [13], it can be written
as, jT ∝  Iq Tc, where Iq = (Iij) ≡ (
∫
VL
qiqjd
3q),
Tc = (Tij) ≡ (∂i∂jφc) are the protogalactic inertia ten-
sor and the local tidal shear tensor2, and  = (ijk) is
the Levi-Civita symbol to collect the asymmetric com-
ponents generated by the misalignment between Iq and
Tc. Here, Iq and Tc are parity-even,  is parity-odd, and
thus jT is parity-odd. In linear perturbation theory, φc
remains constant, so Tc decays as a
−2 due to the cosmic
expansion, where a is the scale factor. Also, the proto-
halo shrinks in size and turns more spherical in shape. A
decayed tidal field is hard to torque small and round ob-
jects, so the spin are expected to be contributed mostly in
the linear regime [14]. If a halo has a merging history, it
simply collects disconnected regions in Lagrangian space
but conserves their total spin. These concepts can be
straightforwardly tested in N -body simulations.
In Lagrangian space, CDM and baryonic matter are
torqued by the same gravitational shear, so their subse-
quent local evolution should not systematically change
their respective spin directions. For example, baryonic
feedback has to conserve angular momentum, unless the
baryons are expelled from the galaxy with systematic
1 We note that although the angular momentum magnitudes of
dark matter halos and baryons are not correlated, their angular
momentum directions (spins) are highly correlated (e.g. section
4.2 of [12]), with a median misalignment angle typically 30◦.
2 Iq and Tc differ from textbook by trace, which does not con-
tribute to jT .
misaligned angular momentum. The dynamical friction
between baryons and dark matter can only increase the
angular momentum correlation. These all indicate a high
correlation between CDM and baryons (e.g. [8–12]).
Massive neutrinos contribute a subpercent fraction of
the matter ingredient, and their unique spatial distribu-
tion and evolution should contribute a unique torque to
CDM and baryons. In particular, neutrino density field
traces CDM on large scales while their small scale struc-
tures are smoothed out by their free-streaming. They
contribute a predictable tidal tensor Tν(mνi) depend-
ing on their mass [15]. The interplay between Iq and
Tν leads to an additional neutrino torque j
T
ν ∝  Iq Tν .
Integrated it over the cosmic evolution, we denote the
total neutrino modulation of the halo spin as jTν0 given
by the tidal torque theory. This torque is unique in that,
the neutrino free-streaming scale is much larger than the
scale to which local nonlinear and baryonic effects can
systematically contribute.
IV. RECONSTRUCTION
The feasibility of predicting neutrino torque relies on
the precision reconstruction of Iq and Tν .
Neutrino distribution shares the same Fourier phases
of CDM from halo reconstruction [15, 16], but only differs
by the ratio of their linear transfer function, depending
on the neutrino masses. The reconstruction Tν is reliable
even if it is applied directly on halos [15], because they
are relatively linear even at present epoch.
The reconstruction of Iq relies on the fact that Iq and
Tc are highly correlated in Lagrangian space [17, 18],
which can be understood that Iq is a collection of mat-
ter to be shell-crossed to form a halo, being parallel with
Tc. The latter depends on a precise reconstruction of
CDM initial conditions. Recent years, many emerging
reconstruction methods have achieved unprecedented ac-
curacies. For example, the isobaric halo reconstruction
[19, 20] can recover the initial conditions of the Universe
from spatial distribution of halos. In the case of high
halo number densities the reconstructed density field is
correlated with the true initial density field on scales
k . 0.7h/Mpc [16], close to the limit (k . 1h/Mpc)
of isobaric reconstruction from using direct CDM den-
sity field [21], or the limit of reconstruction from the true
displacement field [22]. ELUCID simulations are able
to reconstruct the full evolution history of the real local
Universe [23]. These reconstruction techniques enable us
to study the tidal field from both CDM and neutrinos
in an unprecedented precision, at different epochs of the
cosmic evolution. We construct an equivalent inertia IR
from Tc, in order to maximize the cross-correlation µ
between  IRTν and j
T
ν0 (see Appendix A).
The final neutrino torque can be understood as an in-
teraction between two scales – a small collapsing scale
Tc, a large neutrino free-streaming scale Tν , and with
an antisymmetric (parity-odd) operator  collecting the
310 Mpc/h
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FIG. 1. Visualization of the neutrino torque. We show the
LSS slice centered at a selected halo with depth twice the
halo radius r200. Equivalent ellipsoids by solid lines show the
moment of inertia in Lagrangian and Eulerian space Iq and
I200, while dotted ellipsoids show the tidal shear from CDM
and neutrinos Tc and Tν . jL, j0 are the Lagrangian and
Eulerian halo spins, whereas jT is the tidal torque prediction.
The initial neutrino torque is shown by jTν .
antisymmetric (parity-odd) contributions from the mul-
tiplication of these two symmetric (parity-even) tensors.
V. SIMULATION
These correlations and coefficients are tested across a
set of high-resolution N -body simulations [24]. Given
any halo formed in the simulation, all the belonging par-
ticles are mapped back to Lagrangian space. The status
of this definite set of particles can be traced in a resimu-
lation of the exact same initial conditions.
In Fig.1 (all quantities are projected onto the plane of
this paper), we select a very massive halo (7.8×1014M)
to maximize the clarity of the visualization of the halo
properties. We confirm in simulation that these proper-
ties (cross-correlations) have only weak dependence on
halo mass. The background LSS at redshift z = 0 has
the thickness 2r200 with r200 being the halo radius within
which the mean halo density is 200 times the mean mat-
ter density of the Universe. The Lagrangian mapping
of this halo is shown by the protohalo’s column density
with the orange clouds. To visualize the tidal torque
theory, we plot equivalent ellipsoids (solid curves) with
their moment of inertia equal to Iq and I200, where I200
is the moment of inertia within r200. The ellipsoids with
dotted lines correspond to Tc and Tν , normalized such
that their volumes are VL and 8VL respectively. As ex-
pected, Iq and Tc are aligned with their primary axes in
parallel with the collapsing direction, perpendicular to
the filament containing the halo. Their minor misalign-
ment yields the tidal torque jT , which is the first order
approximation of the true initial spin jL (all the spin ar-
rows are normalized to have 15 Mpc/h). They are, in
general, highly correlated with the spin of the final halo
j0. In comparison, the neutrino tidal shear Tν torques
Iq in an other less correlated direction j
T
ν .
The validity of the tidal torque formulation is tested
by an ensemble average over all halos, across 3 orders of
magnitude in mass range (> 2×1012M), and over simu-
lations with different resolutions. As the Universe evolves
from the initial condition to z = 0, the cross-correlation
coefficients 〈j(z) · jL〉 and 〈j(z) · jT 〉 smoothly decrease
from 1 to 0.80, and from 0.75 to 0.69, respectively.
For neutrinos, the first-order tidal torque approxima-
tion gives a near perfect (with cross-correlation 0.99) rep-
resentation of the actual neutrino torque, and it has gen-
erally < 0.2 cross-correlates with CDM torques. This is
expected in that Tc dominates locally whereas Tν is con-
tributed beyond the neutrino free-streaming scale. These
two species, however, have a highly correlated contri-
bution in structure formation. When we consider the
gravitational forces that the two species exerted to the
protohalo, F c/ν ∝
∫
VL
∇φc/νd3q, the cross-correlation
between two species is as high as 0.86 .
From simulations, we estimate the magnitude of in-
tegrated neutrino torque
〈
|jTν0|/|j0|
〉
' 3 × 10−4. In
particular, the effect given by the smoother distribution
for neutrinos relative to CDM accounts 0.03, while the
neutrino fraction fν = 3.5 × 10−3 (for Mν = 0.05 eV)
and the backreaction factor from neutrinos to CDM
√
8
[25] contribute the rest.
Measured from simulations, the cross-correlation be-
tween  IRTν and j
T
ν0 is about µ = 0.19 (see Appendix
A). We then need 5 × 109 halos to have a 5σ detection
(see Appendix B). If we improve the reconstruction of
IR from studying the cosmic evolution history [23], the
lower limit of required halos is 2 × 108. When potential
observational errors are considered, including the scatter
between halo and galaxy spins, more halos are required
for an neutrino torque detection. For example, a 50◦ av-
erage misalignment angle between halo and galaxy spins
requires additional 56% halos needed (see Appendix B).
VI. DISCUSSION
We proposed a novel approach to measure the neu-
trino mass that has not been considered before. Two
independent observables are compared to infer neutrino
mass: the displacement field measures the inertia ten-
sor on small scales, and the neutrino tidal field on large
scales. This is compared to the angular momentum field
4on the same large scales, thus not subject to cosmic vari-
ance. The two fields measure the tides at two different
epochs: spin is a fossil of the epoch of galaxy formation.
The applicability relies on the new research studies on
the angular momentum connection.
From past and current N -body simulations, the spin
correlation between halos and their Lagrangian protoha-
los (e.g. [14, 17, 26] and this work) is higher than 0.6,
meaning that the nonlinear effects at low redshifts only
add less than factor of 2 scatter to the spin correlation.
Recent galaxies formation simulations (e.g. [8–12]) also
show a >∼ 0.6 spin correlation between galaxies and ha-
los, and thus baryonic effects also contribute less than
factor of 2. These strong correlations are much higher
than the ∼ 0.01 order correlation between galaxy shapes
and true tidal fields by weak lensing observations [27].
We do not propose to use galaxies in clusters, and most
spiral galaxies are not in clusters.
We found that the cross-correlation coefficients be-
tween j0 and initial values jL and jT are prominently
higher than our previous understandings (e.g. [17]). We
carefully investigate the numerical errors that may af-
fect the results. P3M (particle-particle particle-mesh)
algorithms result in higher cross-correlation between ini-
tial and final spins, compared to PM (particle-mesh),
where additional tangential forces in PM violate the an-
gular momentum conservation. Higher mass halos in
a given simulation generally have slightly higher cross-
correlations between initial and final spins, however the
correlation is enhanced as we use higher mass resolutions.
All other cross-correlation measurements have only weak
dependencies on the halo mass, even in a fixed simula-
tion. With different box sizes, mass resolutions, force
resolutions, we find that the results are consistent across
these simulations. The estimation of number of halo
spins needed to detect the neutrino torque depends on
µ = 0.19. This has a very weak dependence on halo
mass and configuration of the simulation. An accurate
study of the neutrino torque requires mass and force res-
olutions to cover the wide range of halo mass, a large
box size (> 600 Mpc/h) to account the neutrino tides at
distance, and neutrino particles/fluids, further studies of
reconstruction of IR (Appendix A) to calculate more pre-
cise nonlinear neutrino effects on an evolving halo. These
require future simulations with computing power compa-
rable to that of TianNu [28].
Surveys like the Hubble Sphere Hydrogen Survey
(HSHS) [29] or a modified 21cm Cosmic Vision [30] are
able to observe order of 109 HI galaxies (> 1012M),
in a cosmic volume (4Gpc/h)3 below redshift z ' 1
[31]. Under the standard model of the Universe with
Mν = 0.05 eV, a 5σ detection will be reachable. Beyond
standard models, e.g., the neutrino mass could be gener-
ated through a neutrino vacuum condensate triggered by
a gravitational θ-term [32], the tidal torque history will
be different, and we need different numbers of galaxies to
differentiate between these models.
VII. CONCLUSION
Enormous efforts have been contributed to the neu-
trino mass properties and new, independent cosmological
neutrino mass effects are proposed to constrain the neu-
trino mass [33–37]. Radio astronomic and cosmological
surveys are promising low-cost experiments implemented
in the Universe to probe basic physics mysteries. The
angular momentum is a 3-dimensional, gravity-driven,
parity-odd measure, and is readily observable, well mod-
eled by the tidal torque theory, and well conserved over
the cosmic evolution. It contains comparable amount
of information as density field but poorly appreciated in
application. Recent developed reconstruction techniques
enable us to visit an-order-of-magnitude more precise ini-
tial conditions of the Universe in Lagrangian space, to ac-
curately reconstruct the neutrino torque effects, and to
unveil the neutrino mass properties in upcoming galaxy
surveys.
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Appendix A: RECONSTRUCTION OF IR
In Lagrangian space, Iq and Tc are highly correlated.
In linear, intermediate epochs, Iq is first reshaped ac-
cording to the dominating Tc, thus the linear evolved
Tν(τ) will act on an evolved I(τ). Further, I(τ) will be
affected by nonlinear effects, which are more difficult to
predict, however halos are relatively small and their spin
directions can hardly be changed dramatically. A deep
study of the latter steps above is beyond the scope of
this paper. Here we show that, even simplified to the
first point above, the total neutrino torque can still be
reconstructed.
We construct an equivalent inertia IR from Tc, in or-
der to maximum the cross-correlation coefficient µ be-
tween  IRTν and j
I
ν0. In the primary coordinate of Tc,
Tc can be eigendecomposed as Tc =
∑3
i=1T
λi
c and we
find (α1, α2, α3) = (−0.7, 0.7, 0.08) (normalized such that∑
α2i = 1) and IR ∝
∑3
i=1 αiT
λi
c optimize µ to be 0.19.
Appendix B: ERRORS
Consider N halos with their unit spin vector randomly
distributed on a 2-dimensional sphere, i.e., |j| = 1 and
5〈j〉 = 0. Adding an additional vector xˆ (  1) to j
and normalize, j′ = (j + xˆ)/|j + xˆ|, then project j′
onto xˆ and we get p = j′ · xˆ. Since 〈p〉 = 2/3 and
σ(p) = 1/
√
3N , an nσ detection requires N = 3n2/42.
When observational errors are considered, such as the
scatter between halo and galaxy spins, we write the cor-
relation between observed (galaxy) spin and underlying
halo spin as
〈
jobs · j′
〉
= µ, where µ ∈ [−1, 1] is the the
dot product of these two unit vectors. Projecting jobs
onto xˆ yields 〈pobs〉 = 〈jobs · xˆ〉 = µ
〈
j′ · xˆ〉 = µ 〈p〉 =
2µ/3. Here we assumed that the misalignment direc-
tion between halo and galaxy spins jobs − j′ is uncor-
related with the neutrino torque direction xˆ. In this
case σ(pobs) is still 1/
√
3N , so an nσ detection requires
N = 3n2/4|µ|2.
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